The photopigment melanopsin supports reflexive visual functions in people, such as pupil con-38 striction and circadian photoentrainment. What contribution melanopsin makes to conscious 39 visual perception is less studied. We devised a stimulus that targeted melanopsin separately 40 from the cones using pulsed (3 s) spectral modulations around a photopic background. lometry confirmed that the melanopsin stimulus drives a retinal mechanism distinct from lu-42 minance. In each of four subjects, a functional MRI response in area V1 was found. This 43 response scaled with melanopic contrast and was not easily explained by imprecision in the 44 silencing of the cones. Twenty additional subjects then observed melanopsin pulses and pro-45 vided a structured rating of the perceptual experience. Melanopsin stimulation was described 46 as an unpleasant, blurry, minimal brightening that quickly faded. We conclude that isolated 47 stimulation of melanopsin is likely associated with a response within the cortical visual path-48 way and with an evoked conscious percept. 49 Human cortical responses to melanopsin 2/20 Human visual perception under daylight conditions is well described by the combination of sig-51 nals from the short (S)-, medium (M)-, and long (L)-wavelength cones. 1 Melanopsin-containing, 52 intrinsically photosensitive retinal ganglion cells (ipRGCs) are also active in bright light (Figure 53 1a). The ipRGCs have notably prolonged responses to changes in light level, and thus signal 54 retinal irradiance in their tonic firing. 2 Studies in rodents, non-human primates, and people 55 have emphasized the role of the ipRGCs in reflexive, non-image forming visual functions that 56 integrate information over tens of seconds to hours, such as circadian photoentrainment, pupil 57 control, and somatosensory discomfort from bright light. 3-6 58 Relatively unexamined is the effect of melanopsin phototransduction upon visual percep-59 tion, which operates at shorter timescales. In addition to tonic firing, ipRGCs exhibit transient 60 responses to flashes of light with an onset latency as short as 200 ms. 7 Several ipRGC sub-61 types project to the lateral geniculate nucleus, where they are found to drive both transient and 62 tonic neural responses. 8 As the geniculate is the starting point of the cortical pathway for visual 63 perception, it is possible that ipRGC activity has an explicitly visual perceptual correlate. 64 Here we examine whether isolated melanopsin stimulation drives responses within human 65 visual cortex, and characterize the associated perceptual experience. Our approach uses 66 balanced modulations of the spectral content of a light stimulus, allowing melanopsin to be tar-67 geted separately from the cones in visually normal subjects. 9,10 We also studied the converse 68 stimulus, which drives the cone-based luminance channel while minimizing melanopsin stim-69 ulation. We collected blood oxygen level dependent (BOLD) functional magnetic resonance 70 imaging (fMRI) while subjects viewed brief (three-second) pulses of these spectral modula-71 tions. Concurrent infrared pupillometry was used to confirm that our stimuli elicit responses 72 from distinct retinal mechanisms. Finally, we characterized the perceptual experience of se-73 lective melanopsin-directed stimulation, and examined whether this experience is distinct from 74 that caused by stimulation of the cones. 75 Human cortical responses to melanopsin 3/20 Human cortical responses to melanopsin 4/20 109 sistent responses in the V1 region of interest, with a steadily increasing amplitude of evoked 110 response across contrast levels. Variation in melanopic contrast (Figure 1e) produced similar 111 data, with an increasing amplitude of BOLD fMRI response to larger contrasts. 112 We fit the evoked responses at each contrast level for each subject using an empirical mea-113 sure of the subject's hemodynamic response function, along with parameters that controlled 114 the duration of an underlying neural response and the amplitude of the evoked BOLD fMRI 115 signal (Figure S3). We obtained the amplitude of response as a function of contrast for each 116 subject and each stimulus (Figure 3; LMS and melanopsin; grey and blue lines, respectively). 117 Human cortical responses to melanopsin 5/20 131 imum contrast values calculated for the measurements across subjects, and created a new 132 spectral pulse that was designed to have no melanopsin stimulation, but to have cone con-133 trast equal to this estimate of inadvertent contrast. Scaled versions of this modulation corre-134 sponded to logarithmically-spaced larger (2x) and smaller ( 1 2 x, 1 4 x) multiples of the "splatter" 135 contrast. We again studied the four subjects with BOLD fMRI while they viewed these stimuli, 136 and measured the amplitude of response as a function of splatter contrast (Figure 3, green 137 line). In all four subjects, the melanopsin response function was larger than the splatter re-138 sponse function. This indicates that the cortical response to melanopsin cannot be explained 139 entirely by imperfection in stimulus generation. We then explored if biological variability could 140 result in a greater degree of inadvertent cone contrast than our analysis of device imprecision 141 alone would suggest. Our characterization of the stimuli in terms of cone contrast relies upon 142 assumed values for several biological variables, including lens density, peak spectral sensitivity 143
Introduction
: Overview and experimental design (a) Top The L, M, and S cones, and melanopsincontaining ipRGCs, mediate vision at daytime light levels. Bottom The spectral sensitivities of these photoreceptor classes. (b) Multiple 3-second, pulsed spectral modulations were presented, windowed by a 500 ms half-cosine at onset and offset, and followed by an 11-13 s ISI. A given experiment presented either a single contrast level, or multiple contrast levels in a counter-balanced order. (c) During fMRI scanning, subjects viewed pulsed spectral modulations, produced by a digital spectral integrator, with their pharmacologically dilated right eye. The consensual pupil response of the left eye was recorded in some experiments. (d) Stimulus spectra. Changes between a background spectrum (black) and modulation spectra (red) targeted a given photoreceptor channel with varying degrees of contrast. Top Spectra targeting the L, M, and S cones and thus the post-receptoral luminance channel. We use the terms "LMS" and "luminance" interchangeably to describe this stimulus. The nominal melanopic contrast for these modulations was zero. Bottom The corresponding spectra for stimuli targeting melanopsin. The nominal L-, M-, and S-cone contrast of these stimuli was zero. (e) Spectra were presented on a uniform field of 64°(visual angle) diameter. Subjects fixated the center of a 5°masked region, minimizing stimulation of the macula. (f) The calculated chromaticity of the background spectra was approximately matched for the LMS and melanopsin directed stimuli, and had a light-orange hue. Four subjects were studied in multiple experiments while they viewed intermittent pulses of 77 spectral contrast directed at either the post-receptoral luminance pathway (LMS, equal con-78 trast on cones) or the melanopsin containing ipRGCs (Figure 1a, 1b ). During functional MRI 79 scanning, subjects viewed these stimuli with their pharmacologically dilated right eye; in some 80 experiments the consensual response of the left pupil was also recorded with an infra-red cam-81 era (Figure 1c ). Different stimuli produced contrast upon the targeted photoreceptors between 82 25% and 400% (Figure 1d ; additional stimulus details in Figure S1 ). The subject maintained 83 fixation upon a masked central disk (Figure 1e ), while spectral changes occurred in the visual 84 periphery against a background that was depleted in short-wavelength light and thus had a 85 light-orange hue (Figure 1f ). 87 We first examined the extent of cortical response to high-contrast spectral pulses. Each sub- 88 ject viewed approximately 200 pulses each of the 400% luminance and melanopsin stimuli. 89 We measured the reliability of the evoked response within subject, and then at a second level 90 across subjects and the two hemispheres. Pulses of luminance contrast that minimized mela- 91 nopsin stimulation (Figure 2a ) produced responses in the early cortical visual areas, gener-92 ally corresponding to the retinotopic projection of the stimulated portion of the visual field. 11 93 Spectral pulses directed at melanopsin that minimized cone stimulation also evoked responses 94 within the visual cortex ( Figure 2b) . In subsequent experiments, we examined the evoked re-95 sponses to luminance and melanopsin stimulation within a region of interest in V1 cortex that 96 lies entirely within the retinotopic projection of the stimulated visual field. The time-series data 97 and evoked responses from within this region for the initial, 400% contrast only experiment can 98 be found in Figure S2 . 99 The ipRGCs modulate their activity in relation to retinal irradiance. 2 If the visual cortex en-100 codes information from the ipRGCs, we would expect that the degree of BOLD fMRI response 101 should reflect variation in the degree of melanopsin stimulation, similar to the modulation of 102 cortical response seen to variation in luminance contrast. 12 Each of the four observers was 103 studied again, this time with spectral pulses that varied in the degree of contrast upon the LMS 104 or melanopsin channels. Figure 1c shows an example of the data obtained from the V1 region 105 of interest in response to luminance pulses during one scan run for one observer. The time- 106 series was fit with a Fourier basis set that estimated the shape of the BOLD fMRI response 107 evoked by stimuli of each contrast level. Figure 1d 400%  200%  100%  50%  50%  50%  50%  50%  25%  25%  25%  25%  25%  100%  100%  100%  100%  200%  attention  attention  attention  200%  200%  200%  400%  400%  400% Left The BOLD fMRI time-series data from the area V1 region for each subject (black), following pre-processing to remove nuisance effects. A Fourier basis set modeled (red) the mean evoked response to each contrast level with the r 2 value of the model fit indicated. Right The evoked responses for each subject and stimulus level (black), and SEM of the response across the 9-11 scanning runs performed in each subject (shaded region). The responses were fit by a model (red) that convolved a step function of neural activity by the hemodynamic response function measured for each subject ( Figure S3 ). The amplitude of evoked response with the V1 region was obtained for each subject and contrast level for the luminance (gray), melanopsin (cyan), and "splatter" (green) stimulus conditions. The 1x splatter condition presented cone contrast equal to the maximal inadvertent contrast (resulting from imperfections in device control) measured in validated spectra in the melanopsin experiments. we modeled the duration of underlying neural activity, the results did not support the claim of a 120 distinct temporal response to melanopsin stimulation ( Figure S4 ).
V1 cortex responds to melanopsin contrast
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While the melanopsin-directed spectral pulses were designed to produce no differential 122 stimulation of the cones, biological variation and inevitable imperfection in device control results 123 in some degree of unwanted cone stimulation (termed "splatter"). 9, 10, 13 We considered the 124 possibility that what appeared to be a visual cortex response to melanopsin contrast was in 125 fact a response to the small amount of cone contrast inadvertently produced by our nominally 126 cone silent spectral pulses. 127 We obtained spectroradiometric measurements of the stimuli that were actually produced 128 by our device at the time of the BOLD fMRI experiment for each subject. For each of these 129 measurements we calculated the inadvertent contrast that the cones would have experienced 130 within these 400% melanopsin modulations in a biologically typical subject. We took the max-of the cone photopigments, their density, and the density of macular pigment. We conducted 144 simulations in which we calculated the degree of inadvertent cone contrast that would have 145 resulted given deviations from our assumptions, following estimated distributions of these bio-146 logical variables. 14 We find that it is very unlikely (approximately one chance in 100,000) that 147 the responses observed in the four subjects could have resulted solely from inadvertent cone 148 contrast ( Figure S5 ). 149 The spectral sensitivity of the rod photoreceptors overlaps extensively with that of mela-150 nopsin. The background used for our melanopsin-directed stimuli was 3.5 log 10 scotopic 151 Trolands (scot Td), nominally at or above the rod saturation threshold, found to be 3.0 log 10 152 scot Td (Figure 2 of Adelson 1982) 15 or 3.3-3.7 log 10 scot Td (Aguilar & Styles 1954) . 16 There-153 fore, we expect in our experiments that there is no, or minimal, time-varying signal contributed 154 by the rods. We attempted in a control experiment to further exclude this possibility by mak-155 ing use of an assumed difference in temporal sensitivity of the rods and melanopsin, but this 156 experiment was uninformative ( Figure S6 ). We return to this topic in the discussion.
157
A prior functional MRI study that presented a 50% Weber contrast melanopsin modula-158 tion did not find responses within the visual cortex, but did observe BOLD fMRI responses 159 within the frontal eye fields. 17 The authors speculated that melanopsin stimulation produces 160 changes in alertness that manifest as these cortical responses, although eye movements were 161 not recorded during their study. In our whole brain analysis (Figure 2a , 2b) we find responses 162 within the frontal eye fields for both the luminance and melanopsin pulses at lowered map 163 thresholds (unthresholded maps available from http://neurovault.org/collections/2459/). We 164 considered the possibility that our stimulus pulses might cause subjects to briefly increase 165 or decrease saccadic eye movements. We measured variation in eye position during the 3 s 166 of stimulation and during the interstimulus interval ( Figure S7 ). Subjects consistently reduced 167 eye movements during the luminance and melanopsin stimulation periods as compared to the 168 inter-stimulus-interval. This effect may account for the frontal eye field responses in our data 169 and in the prior report. 17 As eye movements alone can evoke responses in visual cortex, 18 we 170 considered that a systematic difference in eye movements across contrast levels might con-171 found our finding of a contrast response in area V1. However, no eye movement difference 172 was seen as a function of contrast level or stimulus type (LMS vs. melanopsin). 
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Different kinetics of pupil response to melanopic and luminance pulses 174 We have previously shown using sinusoidal spectral modulations that pupil responses to mela-175 nopsin stimulation have different temporal properties as compared to the responses evoked 176 by modulations of luminance. 10 In the current study, we recorded pupil responses to pulsed 177 spectral modulations during the presentation of melanopsin and LMS stimulation of varying 178 contrast. We examined these pupil responses for qualitative differences in the time course of 179 the response. Such a demonstration would increase confidence that our stimuli target distinct 180 retinal mechanisms. 181 The average pupil response was obtained for each contrast level and stimulus type. In the 182 across-subject averages ( Figure 4a ; individual subject data in Figure S8 ), an evoked response 183 to LMS stimulation is seen at even the lowest contrast level (25%). As LMS contrast grows, 184 the evoked pupil response becomes larger, with distinct features corresponding to the onset 185 and the offset of the 3 s stimulus pulse. The response to melanopsin contrast ( Figure 4b ) 186 begins smaller, but also increases with contrast. Unlike the pupil response to LMS contrast, it 187 is difficult to discern an indication of stimulus offset in the extended response to melanopsin 188 stimulation. 189 We quantified these observations by fitting a temporal model ( Figure S9 Melanopsin stimulation evokes a distinct visual percept 203 We find that a melanopsin-directed spectral pulse evokes a measurable response in the visual 204 cortex. This suggests that people have conscious perceptual awareness of stimulation of the 205 ipRGCs. Prior studies have found that melanopsin contrast contributes to a sensation of bright-206 ness, as subjects rate lights that contain melanopsin and luminance contrast as brighter than 207 a light with luminance contrast alone. 19 We were curious as to whether the perception of se-208 lective melanopsin-directed contrast appears simply as the typical experience of "brightness" 209 conveyed by the luminance channel, or if there is a distinct perceptual experience associated 210 with our melanopsin-directed stimulus. 211 We recruited 20 subjects naïve to the hypotheses of the study and asked them to view 212 400% contrast pulses of LMS, melanopsin, and a stimulus changing in power equally across all 213 wavelengths, thus stimulating both melanopsin and luminance channels ("light flux"). Subjects 214 were asked to rate nine perceptual qualities of the light pulse, each quality defined by a pair 215 of antonyms (e.g., dim to bright). Subjects were not informed of the different identities of the 216 stimuli, and the order was randomized as described in Online Methods. Subjects were also 217 invited to offer their free-form observations at the end of the study during a debriefing session 218 (summarized in Table S2 ). 219 A challenge of such measurements is the psychophysical sensitivity of the human visual 220 system to even small amounts of differential cone contrast. 20, 21 We implemented additional 221 stimulus calibration measures to further reduce spectral variation due to device instability (see 222 Online Methods). In the measured stimulus spectra, the amount of inadvertent cone contrast (Table S1 ). We summarized these measurements by submitting them to a 232 principal components analysis ( Figure 5a ). The first and second dimensions explained 35% 233 and 19% of the variance in ratings, respectively. Within this space a support vector machine 234 could classify subject responses to melanopsin as distinct from those for LMS or light flux with 235 92% cross-validated accuracy. A plot of the weights that define the classification dimension 236 ( Figure 5b ) reveals the primary qualities of isolated melanopsin stimulation. To our naïve sub-237 jects, and in our own experience, the onset of the melanopsin contrast appears as a somewhat 238 unpleasant, blurry, minimal brightening of the field. Most notably, however, this percept is fleet-239 ing, and rapidly followed by a fading or loss of perception from the stimulus field. Many of the 240 subjects described the melanopsin stimulus pulse as being colored. This was typically with a 241 yellow-orange appearance, although three subjects reported a greenish percept. 242 The perceptual ratings of the LMS and light flux stimuli were quite similar, with the LMS 243 rated as having more color (again perhaps due to the inadvertent chromatic contrast present 244 in the stimulus; Figure S11 ) and the light flux as being somewhat brighter. Prior studies have 245 Human cortical responses to melanopsin 11/20
found that melanopsin contrast is additive to LMS contrast in the perception of brightness. 19 246 In our data, this would be consistent with higher ratings on the dim-to-bright scale for light flux 247 pulses as compared to LMS. A post-hoc test supported this interpretation (Wilcoxon signed-248 rank test of dim-to-bright ratings in Light Flux compared to LMS: p=0.0088).
Discussion
250
Our studies indicate a role for the melanopsin-containing ipRGCs in conscious human vision. 251 We find that high-contrast spectral exchanges designed to isolate melanopsin evoke responses in a wild-type mouse. 23 In our work we measured cortical and perceptual responses to isolated 264 melanopsin stimulation in the intact human visual system.
265
A cortical response 266 The melanopsin containing ipRGCs have broad projections to sub-cortical sites. 24 By using a background depleted in short-wavelength light, 27 we created substantial mela-276 nopic contrast in our stimuli, albeit~3.5x less than is available in rodent models with a shifted 277 long-wavelength cone. 25 We found that 100% contrast pulses were required to obtain a mea- ). We regard this result as tentative, however, principally because a similar, increasing du-286 ration of neural response was seen for the "splatter" control modulation.
287
A visual percept 288 Consistent with the presence of a V1 neural response, we find that isolated melanopsin stim-289 ulation is accompanied by a distinct visual percept. We viewed these stimuli over many hours 290 of experiments, and ourselves experienced the onset of the melanopsin spectral pulse as a 291 diffuse, minimal brightening of the visual field. The appearance was curiously unpleasant. 292 The diffuse, even blurry, property of the percept might be related to the broad receptive 293 fields of neurons driven by melanopsin stimulation, 28 consistent with the extensive dendritic 294 arbors of the ipRGCs. 29 In a prior study, subjects reported that lights appear brighter when 295 melanopsin contrast is added to the stimulation of the cone-based luminance channel. 19 We 296 find a conceptually similar effect in our data, as subjects rated pulses of light flux (which contain 297 melanopic contrast) as brighter than pulses with cone contrast alone. 298 The most striking aspect of the percept evoked by the melanopsin pulse is that the brief 299 brightening is then followed by a fading of perception of the stimulus field, on occasion spread-300 ing to involve the masked macular region of the stimulus. This was subjectively similar to 301 Troxler fading. This aspect was remarked upon by several of our naïve observers: "[the experi-302 ence was] like blinding"; and "[the fade] to black that is the noise when your eyes are closed"; or 303 "kind of like if you got hit in the head really sharply . . . flashing lights and fade out." (Table S2) . 304 The melanopsin containing ipRGCs send recurrent axon collaterals to the inner plexiform layer 305 where they are positioned to modulate cone signals. 30 Consistent with this, melanopic con-306 trast has been shown to attenuate cone-driven electroretinogram responses in the rodent over 307 minutes. 25 The prominent and rapid experience of fading for our melanopsin-directed stimulus 308 perhaps reflects the unopposed action of this attenuation mechanism. 309 Our data do not allow us to determine if one or more of these perceptual experiences arise 310 Human cortical responses to melanopsin 14/20
as a direct consequence of ipRGC signals arriving at visual cortex sites, or from the interaction 311 of melanopsin and cone signals at earlier points in the visual pathway.
312
The challenge of photoreceptor isolation and the question of flicker 313 Our conclusions depend upon the successful isolation of targeted photoreceptor channels. 314 Measurements and simulations indicate that the functional MRI results are unlikely to be ex-315 plained by inadvertent cone contrast from known sources of biological variation ( Figure S5 ). 14 316 Nonetheless, we think it prudent to carry forward concern regarding inadvertent cone intru-317 sion, and to search for additional means to exclude this possible influence. For example, in 318 the current study we examined in the functional MRI data whether there was a difference in 319 the time-course of response to luminance and melanopsin-directed stimuli, but did not find 320 convincing evidence of such. A time-course dissociation in the fMRI data would have provided 321 further support-similar to that obtained in the pupil data-that our stimuli drive distinct mech-322 anisms. Different temporal profiles of stimulation may afford greater traction on this question in 323 future studies. 324 In our perceptual experiment, the melanopsin stimulus was reported to have a change in 325 hue. This was usually, but not universally, reported as a yellow-orange. In this experiment 326 we do not have available an estimate of the amount of reported color change that may be 327 attributable to imperfections in cone silencing. Consequently, we are unable to reject the pos-328 sibility that small amounts of chromatic splatter produce this percept. 329 Our results are also subject to any systematic deviation of photoreceptor sensitivity from 330 that assumed in the design of our spectral modulations. One example model deviation is the 331 presence of "penumbral" cones that lie in the shadow of blood vessels, and thus receive the 332 stimulus spectrum after it has passed through the hemoglobin transmittance function. These 333 photoreceptors can be inadvertently stimulated by a melanopsin-directed modulation, produc-334 ing a percept of the retinal blood vessels when the spectra are rapidly flickered ( 4 Hz). 13 335 While it is possible to also silence the penumbral cones in the melanopsin stimulus, 9 this 336 markedly reduces available contrast upon melanopsin (below 100%). We circumvented this 337 problem here by windowing the onset of the melanopsin stimulus with a gradual transition 338 (effectively 1 Hz) that removed the penumbral cone percept from our stimulus pulse. 339 We did not explicitly silence rods in our melanopsin-directed stimulus. Our background is 340 at light levels considered to be above rod intrusion, and we have previously demonstrated a pupil response to melanopsin-directed modulation around a background an order of magnitude brighter, 10 indicating that the melanopsin system responds at light levels well above rod 343 intrusion. In principle, we could further exclude the possibility of rod intrusion by examining a 344 flickering version of our melanopsin-directed stimulus. In such an experiment we would iden-345 tify a flicker frequency at which rods could respond (if not saturated) but for which melanopsin 346 might not be expected to do so (e.g., [4] [5] [6] [7] [8] . Finding no cortical response to the stimulus 347 would support the contention that the rods are saturated. In practice, this control experiment 348 faces two challenges. First, melanopsin may still respond within this frequency range. 7 Sec-349 ond, this stimulus may drive the penumbral cones, producing a percept of the blood vessels and 350 a cortical response. 9, 13 Modifying the stimulus to silence the penumbral cones would markedly 351 reduce available contrast on both the rods and melanopsin, defeating the purpose of the ex-352 periment. Nonetheless, we attempted this control study and obtained uninformative results 353 ( Figure S6 ). An important area for future investigation is the relationship between rod and 354 melanopsin signals in the transition between mesopic and photopic vision. 355 We note that these challenges attend our prior study of cortical responses to rapid mela-356 nopsin flicker. 9 In those experiments, penumbral-cone silent, sinusoidal melanopsin modula- Our results suggest that people can "see" with melanopsin. The high-contrast, melanopsin-366 isolating spectral modulation we studied is a distinctly unnatural stimulus, but a valuable tool 367 for demonstrating the presence of a melanopic signal in the cortical visual pathway. Many of 368 our subjects found the melanopsin-directed stimulus to be unpleasant to view. We are curious 369 if variation in the perceptual or cortical response to this stimulus is related to the symptom of 370 photophobia. 32 Under naturalistic conditions, it appears that melanopsin adjusts the sensitivity 371 of the cone pathways. 25 The interaction of melanopsin and cone signals in human vision is an 372 Human cortical responses to melanopsin 16/20 exciting avenue for investigation, particularly given recent findings of a role for melanopsin in 373 the coarse spatial coding of light intensity. 28 374 Human cortical responses to melanopsin 17/20
Online Methods 1 Pre-registration 2 The experiments were the subject of pre-registration documents. Data collection followed the 3 pre-registration documents in regard to the number of subjects, extent of data collection, stim-4 ulus generation, and exclusion criteria. In some cases addenda were submitted to the pre- 5 registration before data collection began, with the pre-registered protocol being that which 6 includes the modifications specified in these pre-data-collection addenda. In some cases the 7 analysis approach presented in this paper differs from that described in the pre-registered 8 protocol. Table S3 lists all pre-registration documents by experiment and deviations from the 9 registered protocols. Some deviations were detailed in addenda submitted after data collection 10 began, and these are also included as deviations in the table.
11
Subjects and subject preparation 12 Four subjects participated in the fMRI and pupillometry studies. All four participants are sci- 13 entific investigators and three are authors of this study (4 males, ages 27, 28, 32, 46). These 14 four participants choose to identify themselves by their initials. An additional 20 subjects, naïve 15 to the hypotheses of the study, participated in the perception experiment (9 men, 11 women, 16 mean age 27, range 20-33); their data have been assigned anonymous study identification 17 labels. All subjects were screened for normal color vision 1 and corrected acuity of 20/40 or 18 better as assessed by the Snellen chart at a 20 foot distance. All subjects were studied at 19 the University of Pennsylvania. The research was approved by the University of Pennsylvania 20 Institutional Review Board and conducted in accordance with the principles of the Declaration 21 of Helsinki. All subjects gave informed written consent. 22 Prior to fMRI scanning or perceptual rating, each subject underwent pharmacological dila- 23 tion of the right eye (1% tropicamide ophthalmic with 0.5% proparacaine as a local anesthetic 24 agent). 25 Visual stimuli 26 We used the method of silent substitution with a digital light synthesis engine (OneLight Spec- 27 tra) to stimulate targeted photoreceptors. Our device produces stimulus spectra as mixtures 28 Human cortical responses to melanopsin 1/13 of 56 independent,~16 nm full-width half-max primaries under digital control, and can modu- 29 late between these spectra at 256 Hz. Details regarding the device, stimulus generation, and 30 estimates of precision have been previously reported. 2-4 31 Our estimates of photoreceptor spectral sensitivities were as previously described, 3 fol- 32 lowing the CIE physiological cone fundamentals. 5 They account for the size of the visual field 33 (64°), subject age, and the pupil size, which we assumed to be 8 mm in diameter under phar-34 macologic dilation. 35 Separate background and modulation spectra were identified to maximize available con- modulations did not explicitly silence penumbral cones. 3 45 We elected not to perform psychophysical nulling of our stimuli for two reasons. First, in 46 an earlier study 2 we found that the test-retest reliability of nulling values produced by was 47 not high. We estimated that stimulus adjustment for individual subjects was more likely to 48 worsen photoreceptor silencing than to improve it. Second, we found that allowing for stimulus 49 adjustment would reduce the available gamut in our modulations, with the consequence of a 50 substantial reduction in available contrast on melanopsin. 51 We measured the melanopsin 400% background and stimulation spectra for a reference 52 observer (32 years) before and after each scanning session for each subject during our ini-53 tial fMRI experiment (described as Experiment 1 below). We calculated the average post-54 receptoral contrast for each of these 8 spectra (4 subjects x 2 measurements) with respect to 55 the cone fundamentals assumed for the reference observer. From these measurements, we and ±2 nm, ±1.5 nm and ±1.3 nm in max for L, M and S cones respectively. Note that the 89 variation in lens density was taken around the age-appropriate mean density for each subject. 90 We performed this resampling 1,000 times, generating 1,000 sets of spectral sensitivities. This
91
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was done for the four observers from the fMRI studies ( Figure S5 ) and the twenty observers 92 from the perceptual studies ( Figure S11 ). 93 We present plots of the L, M, and S cone contrasts after transformation to a post-receptoral 94 opponent representation assuming mechanism sensitivities to cone contrast for luminance, blocks of stimulation and is described in Figure S6 . Eighteen of the trials presented a spectral 133 pulse. Three randomly selected trials presented an "attention event" instead of a stimulus 134 pulse, during which the stimulus field dimmed for 500 ms. The subject was asked to press a 135 button on a response pad when these dimming events occurred. Between 9 and 12 scan runs 136 were collected for each subject for each experiment. homogeneity correction, non-linear noise-reduction, skull-stripping, 13 subcortical segmenta-151 tion, 14, 15 intensity normalization, 16 surface generation, 9, 10, 17 topology correction, 18, 19 surface 152 inflation, 10 and registration to a spherical atlas. 11 153 Human cortical responses to melanopsin 5/13
Raw echo-planar volumetric data were motion corrected using the FMRIB Software Library the ANATICOR pipeline in AFNI. 20 Twenty-four motion regressors were derived from the initial 171 six parameters that result from motion correction. 21 The effects of these nuisance covariates 172 were removed from the time-series data by regression. Finally, the time-series was subjected 173 to a high-pass Butterworth filter with a cut-off of 0.01 Hz. 174 We conducted whole brain (cortical surface) analysis of the data from Experiments 1 (400% 175 melanopsin only) and 2 (400% LMS only). The time-series data from each voxel for each 176 subject was projected to hemisphere-symmetric cortical surface atlas (fsaverage-sym) and 177 smoothed on the cortical surface using a 5 mm full-width at half-maximum Gaussian kernel. Figure S3 ). As the timing of attention events was asynchronous with respect to image 205 acquisition (TRs), this approach provided an accurate estimate of the underlying response not 206 available from a simple averaging of the time-series data itself across trials. 207 The timing of stimulus events was also asynchronous with respect to image acquisition. 208 Therefore, the same Fourier basis set approach was used to obtain estimates of the evoked 209 BOLD fMRI response to the various spectral pulses studied in Experiments 1-5 (Figures 2d, 2e , 210 S2). The average evoked response for each stimulus type for each subject was then modeled 211 with a two-parameter model ( Figure S2b ). The first parameter controlled the duration of a step-212 function of neural activity that was then convolved by the HRF for the subject. The resulting 213 shape of BOLD fMRI response was normalized to have unit amplitude, and then subjected 214 to a gain parameter. The best fitting parameters (in the least-squares sense) were found by We obtained the set of peak amplitude HRF values for each subject, and then divided each 218 value by the mean of the values across subjects. We treated the result as a "subject scaler" 219 that was used to normalize other measurements of response amplitude from each subject to 220 remove this individual difference. in the estimate for the macular pigment density. In the contrast and splatter calculations for this 287 experiment, we assumed the 64°in our estimates for the spectral sensitivities. 288 The first two dimensions of the principal components analysis of the perceptual rating data 289 were used to describe the results as the addition of further dimensions was found to reduce 290 cross-validated categorization accuracy.
291
Spectrum seeking to improve stimulus control 292 The stimuli used in the perceptual study were subjected to an additional refinement prior 293 to each data collection session, designed to further reduce inadvertent cone contrast in the 294 melanopsin-directed stimulus. An adaptive spectrum-correcting procedure addressed uncer-295 tainty in our device calibration due to instrumental drift and small failures of primary additivity. 296 This procedure adjusted the mirror settings in our digital light synthesis engine so as to match 297 the nominal, receptor-isolating spectra. This procedure was performed for the age-adjusted 298 stimuli of all subjects in the perceptual rating experiment. 299 We started with a pair of primary values designed to yield a certain contrast: 
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• Figure S1 : • Table S1 : Across-subject ratings of nine perceptual qualities for 400% contrast pulses of the three stimulus types
• Table S2 : Free-form descriptions of the pulsed stimuli • trials were randomly replaced with an attention event, during which the stimulus dimmed for 500 ms and in response to which the subject was to press a button on a response pad. The same response events occurred in each of the >50, 336 second scan runs for each subject across all experimental conditions. The BOLD fMRI response evoked within the studied V1 region in response to the attention events was estimated using a Fourier basis set for each run for each subject. The 16 s that followed each event was modeled with 8 harmonics, providing a temporal resolution of 1 Hz. The average response across runs (black) for each subject (expressed in units of percent BOLD signal change) was taken to be an estimate of the hemodynamic impulse response for that subject and was used in modeling of fMRI responses to other stimulation conditions for that subject. The SEM of the response across runs (shaded gray) is in most cases smaller than the plot line. (b) Shown are how the predicted BOLD fMRI responses for subject GKA vary with inferred duration of neural activity (across each row) and amplitude of BOLD fMRI response (each row shows a different value of g). The model varied the duration of a step function of neural activity that was then convolved with the HRF for that subject and subjected to multiplicative scaling (*g) to best fit the evoked response. The fits provided by this model are shown in Figure 2 and Figure The mean amplitude of evoked response with the V1 region across subjects for each contrast level is shown for the LMS (gray), melanopsin (cyan), and "splatter" (green) stimulus conditions. The open star symbols are the amplitude measurements obtained in the initial, 400% contrast only LMS and melanopsin studies. The 1x splatter condition presented cone contrast equal to the maximum inadvertent contrast measured in validated spectra in the melanopsin and LMS experiments. (b) The mean modeled duration across subjects of underlying neural activity within the V1 region is shown for the three stimulus conditions. and inevitable imperfections in device control, a nominally cone silent modulation will produce inadvertent contrast upon the cones. We considered the extent to which this undesired contrast could account for the BOLD fMRI signals we observed in response to a melanopsin-directed spectral pulse. For each subject, multiple measurements of the 400% melanopsin-directed stimulus spectrum were made before and after each data collection session. This set of measurements was averaged for each subject to produce a single spectrum, which was then submitted to a calculation (https://github.com/spitschan/SilentSubstitutionToolbox) that estimated the degree of contrast upon each of the post-receptoral cone mechanisms (L-M, S, LMS). The four large, blue circles in each plot indicate the calculated contrast caused by device imprecision for the stimuli seen by each of the observers. We created a stimulus modulation ("1x splatter"; Figure S1a ) that had cone contrast equal to the max, acrosssubject contrast attributable to device imprecision. A set of "splatter" stimuli with log-spaced intensity ( 1 4 x, 1 2 x, 1x, 2x) were derived from this initial modulation and studied during a control BOLD fMRI experiment. The spectrum of the 2x modulation was measured for each experimental session for each subject, and the cone contrast estimated in this modulation is indicated by the large, green circles (one circle for each observer; some plot symbols are overlapped). We next considered how biological variability could cause these estimates of cone contrast to change. Our model of cone contrast incorporates assumptions regarding: lens transmittance; density of macular pigment; L, M, and S cone density; and variation in the peak spectral sensitivity ( max) of the L, M, and S cones. We simulated biological variation in these parameters by conducting 1,000 re-calculations of the cone contrast for each subject, using values for each parameter drawn from published distributions of individual differences. 2 The cone contrast returned by each simulation comprises a point in the cloud of blue values in each plot; an ellipse (solid line) indicates the iso-probability contour that encloses 95% of the 2D projection of the boostrapped values upon the post-receptoral axes, computed assuming that the underlying distribution was a bivariate Gaussian. The marginal distribution of this set of simulated contrast values is shown on each cardinal axis. The same calculation was conducted for the 2x splatter spectra, yielding the cloud of green points. [continued next page] Figure S5 : Inadvertent cone contrast in the fMRI stimuli -continued. We next related these values to our BOLD fMRI measurements. We have for each subject a contrast response function (CRF) for melansopin and for multiples of inadvertent cone contrast (splatter) due to device imprecision (Figure 3 ). For each subject, we asked how much larger the splatter contrast would have to have been to produce responses that match the melanopsin CRF; this amounts to asking how many log-units the splatter CRF must be shifted to the left to best match the melanopsin CRF (inset, bottom left). Across subjects, the mean shift multiplier was 4.1 (individual values were ASB 3.2, ASO 2.8, GKA 7.7, MXS 4.1). Extending the line that connects the origin of the cone-contrast space and the 2x splatter modulation, we identified the position that would correspond to a 4.1x splatter modulation (green hexagon). We considered the position of this point (and its mirror symmetric reflections) in the opponent modulation space with respect to the marginal distributions of simulated inadvertent contrast due to biological variability and device imprecision. The key observation is that the inadvertent cone contrast necessary to produce the observed BOLD fMRI responses to the 400% melanopsin stimulus are unlikely to have occurred. The proportion of simulated contrast values (in both tails) that exceed the 4.1x level is 0.2% on the LMS dimension; 0% on the S dimension; and 5.3% on the L-M dimension. To account for our data, one or more of these values would have to have been exceeded for all four subjects. The odds of this occurring for a single subject is: P (LMS or L-M exceeded) = 1 ((1 0.053) ⇥ (1 0.002)) = 0.0549 and the odds of this occurring for all four subjects is p = 9.1 ⇥ 10 6 . (b) The corresponding calculation of cone contrast due to device imprecision and biological variability for the melanopsin stimulus used in the 400% contrast only experiment. Figure S6 : An unsuccessful control experiment (related to Figure 3) . The rod and melanopsin spectral sensitivity functions overlap extensively. The background used for our melanopsin directed stimuli was 3.5 log10 scotopic Trolands (scot Td), nominally at or above the rod saturation threshold, found to be 3.0 log10 scot Td (Figure 2 of Adelson 1982) 3 or 3.3-3.7 log10 scot Td (Aguilar & Styles 1954) . 4 Therefore, we may expect in our experiments that there is no, or minimal, time-varying signal contributed by the rods. Nonetheless, we considered control experiments that could address the possibility of rod intrusion. While it is possible in principle to create a melanopsin directed stimulus that silences both the rods and cones, in practice we find that our device is limited to a maximum 60% unipolar (Weber) contrast pulse directed at melanopsin while silencing both rods and cones. Given our finding that at least 100% unipolar melanopsin contrast is needed to produce a reliable cortical response, we regarded this stimulus as ineffective. Instead, we examined whether the response to our melanopsin directed stimulus varied as a function of temporal frequency, with the logic that melanopsin responses would be attenuated to a stimulus modulated at 4 Hz, while rod responses would persist. Ultimately we found this experiment to be uninformative. The BOLD responses evoked by the stimuli were small and / or poorly modeled, with low r 2 values, particularly in the scotopic condition. Moreover, inconsistent responses were obtained across subjects. Despite our inability to draw clear conclusions from these measurements, we present the data here for completeness. (a) The experimental design was adapted from a prior study. 5 Around a common background, we presented a 4 Hz modulation that targeted either L-M with a 9% bipolar (Michelson) contrast (while silencing the rods) or melanopsin with 67% bipolar contrast on melanopsin and 50% bipolar contrast on rods. The modulations were presented in 12 s blocks, with a 3 s half-cosine window at onset and offset, in a counter-balanced order. (b) Photopic conditions. Left The BOLD fMRI time-series data from the area V1 region for each subject (black), following pre-processing to remove nuisance effects. The data were modeled (red) with a step-function for each stimulus condition, convolved by subject-specific hemodynamic response function. Right The amplitude of evoked responses for each subject for the 4 Hz L-M and melanopsin modulation blocks as compared to the static background. (c) The corresponding data obtained during scanning under scotopic conditions. Subjects dark-adapted for at least 20 minutes prior to scanning. A 6 log unit neutral density filter was placed in the light path, reducing the stimulus background to approx. 0.0001 cd/m 2 . Figure 4) . Subjects were asked to maintain fixation upon the center of a 5°opaque circle. Infrared video of the left eye was recorded during functional MRI scanning in some experiments. We measured the horizontal position of the eye during the scanning session to examine if stimulus presentation led to systematic changes in fixation stability. While vertical eye position was recorded, these data were not considered given that the eye has less fixational variation in the vertical plane, and the generally noisier quality of the vertical position data. The standard deviation of eye position was measured during the three seconds of stimulus presentation and during the ensuing interstimulus interval (ISI Figure 4) .
The across-trial, within-subject average evoked pupil response to each stimulus type (LMS and melanopsin) and contrast level was fit with a six-parameter, three-component model using a non-linear temporal fitting engine (https://github.com/gkaguirrelab/temporalFittingEngine). The model was designed to capture the three, visually apparent and temporally separated components of the evoked pupil response. The elements of the model are not intended to directly correspond to any particular biological mechanism. The input to the model was the stimulus profile (black). An additional input vector, representing the rate of stimulus change at onset, was created by differentiating the stimulus profile and retaining the positive elements. These three vectors were then subjected to convolution operations composed of a gamma and exponential decay function (blue), each under the control of a single time-constant parameter (⌧gamma and ⌧ exponential ). The resulting three components (red) were normalized to have unit area, and then subjected to multiplicative scaling by a gain parameter applied to each component (gtransient, g sustained , and gpersistent). The scaled components were summed to produce the modeled response (gray), which was temporally shifted (t delay ). We observed that some evoked responses for some subjects had a late dilation phase in which the pupil became larger than its baseline size. We did not attempt to capture this inconsistent behavior in our model. Figure S11: Inadvertent cone contrast in the perceptual stimuli (related to Figure 5 ). Inset in each plot is the calculated post-receptoral cone contrast of the melanopsin and luminance 400% spectral pulses used in the perceptual experiment. Each point corresponds to the difference between the background and stimulus spectra measured for each subject at the time of their testing session. Following the same procedure as described in Figure S5 , we then simulated the post-receptoral cone contrast that might be produced by our stimuli in the face of biological variability in our subjects. Table S1 : Across-subject ratings of nine perceptual qualities for 400% contrast pulses of the three stimulus types.
https://osf.io/yzwm6 fMRI Expt 1, 400% Mel pulses -Pulse-oximetry regressors were not used due to an error in the date field of the timestamps of the physio files. We discovered this error during a code audit after completing the analyses presented here. While it would be possible correct for this error in data analysis, we elected to not re-process our data to include the physiologic regressors, as these explain minimal variance within occipital cortex.
-A Fourier basis set instead of an FIR basis set was used to model the fMRI data, given the asynchronous timing of events relative to TRs -The V1 region of interest was set to 5-25°(as opposed to 5-30°) as we wished to have additional stringency in avoiding signals from beyond the boundary of the stimulated field (which could contain rod intrusion) -Preliminary analyses of the LGN region of interest showed poor quality signals, so this was not pursued further -We have not pursued analyses of the extra-striate regions of interest https://osf.io/vqady fMRI Expt 2, 400% LMS pulses. Deviations as described for Experiment 1, and -The double-gamma model was found to produce poor fits to the evoked responses. This approach was discarded in favor of estimation of the shape of the HRF in individual subjects, and the use of the neural-step function model. -A proposed analysis would have examined differences between the LMS and Mel stimuli in evoking responses within the cortical and subcortical somatosensory system. These analyses have not yet been pursued.
https://osf.io/ayvb5 fMRI Expt 3, Splatter CRF. Deviations as described for Experiment 1.
https://osf.io/w86pu fMRI Expt 4, Mel CRF. Deviations as described for Experiment 1.
https://osf.io/w95da fMRI Expt 5, LMS CRF. Deviations as described for Experiment 1.
https://osf.io/pv3a4 fMRI Expt 6, Rod control. While pulse oximetry data were collected, these were not used so that the analyses of these data matched the analyses performed for the other experiments.
https://osf.io/u8ggn Perceptual rating of Mel and LMS pulses -A set of 5 pre-and 5 post-experiment, validation measurements of the stimulus spectra were made and averaged. A small subset of these measurements (3 out of 750) featured clearly abnormal spectra due (we suspect) to a transient failure of device control. We excluded these spectra from the average that was generated across the validations. Table S3 : Pre-registrations and protocol deviations Links are to pre-registration pages on the Open Science Framework site. Some pre-registrations include addenda.
